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Three dimensional waveguides within the bulk of diamond are manufactured using ultrafast laser fabrication.
High intensities within the focal volume of the laser cause breakdown of the diamond into a graphitic phase
leading to a stress induced refractive index change in neighboring regions. Type II waveguiding is thus enabled
between two adjacent graphitic tracks, but supporting just a single polarization state. We show that adaptive
aberration correction during the laser processing allows the controlled fabrication of more complex structures
beneath the surface of the diamond which can be used for 3D waveguide splitters and Type III waveguides
which support both polarizations.
Diamond has long found use as a material with extreme
mechanical properties, and is now rapidly gaining inter-
est for photonic applications1. High transmission over a
very large spectral window and a high refractive index are
attractive for light manipulation. Diamond also acts as a
stable basis for a host of color centers which are promising
for quantum enhanced technologies2,3. The nitrogen va-
cancy (NV) center is proving particularly useful not just
for quantum processing4 but, also for a range of sensors
with extreme sensitivity to magnetic field and temper-
ature5–7. The strong Raman coefficient is effective for
Raman lasers generating low cost lasing solutions at un-
usual wavelengths8,9. The high Raman coefficient is also
useful for implementing solid state quantum memories,
a vital component for any quantum optical technology
enabling the storage and retrieval of quantum informa-
tion10. In addition, diamond serves as an ideal platform
for biophotonics due to a high level of biocompatibility11.
The efficiency of many of these technologies would be im-
proved by the ability to confine and route light using a
network of optical waveguides12.
Previous demonstrations of waveguiding within dia-
mond have been based upon the principle of selectively
removing regions of diamond to generate an air-diamond
interface. Surface RIB waveguides have previously
been fabricated using reactive ion etching (RIE) with
photolithographic patterning13,14. Elegant nanobeam
waveguides have recently been demonstrated through ei-
ther angled15 or undercut RIE etching16. Alternatively,
direct ion microbeam writing has been used to create
shallow subsurface multimode waveguides17. All of these
approaches are constrained to the diamond surface, re-
quire extensive material processing to the potential detri-
ment of the diamond and are difficult to interface with
optical fibers. However, a different method for generat-
ing guiding structures in crystals has emerged over the
past decade, whereby an ultrashort pulsed laser is used
to modify the material18. In the majority of implemen-
tations, light is confined in regions of stress neighbor-
ing laser induced damage tracks, which is designated as
waveguide based upon a Type II modification19. Pre-
viously this has been successfully applied to a range
of crystals such as lithium niobate20,21, KDP22, KTP23
and Ti:Sapphire24, whilst preserving the natural mate-
rial properties. Here we extend the technique to fabricate
three dimensional waveguides embedded in the diamond
bulk.
Ultrashort pulsed laser fabrication inside diamond has
been gaining interest due to possibilities related to the
generation of 3D electrical circuitry. At the laser focus,
the electric field is high enough for non-linear absorp-
tion leading to optical breakdown of the diamond lat-
tice25. The structural modification generated, as iden-
tified through Raman microspectroscopy is revealed as
graphitic and amorphous sp2 bonded carbon intermixed
with sp3 bonded diamond26,27, while it has recently been
shown that, in addition, the NV concentration may be
enhanced in nearby regions28. When the laser focus is
traced through the diamond, a continuous damage track
is created which is electrically conductive29,31, and has
been successfully used for a range of radiation detec-
tors32–34. Transmission electron microscopy and elec-
tron energy loss spectroscopy has been used to study thin
slices of the laser-modified area, showing the presence of
sub-micrometer patches of sp2 bonded amorphous car-
bon, in addition to multiple dislocations of the diamond
lattice30. Indeed, due to the lower density of the sp2
phase, compared to that of sp3, a strong localized stress
field is generated within the surrounding pristine dia-
mond, which we show here can act as an optical waveg-
uide. Drawing on previous work demonstrating that a
combination of high NA focusing and adaptive optics
aberration correction is essential for accurate fabrication
of graphitic tracks in diamond31, we are able to generate
Type III depressed cladding waveguides supporting both
polarization states and 3D networks of Type II waveg-
uides.
FIG. 1. Simplified schematic of the ultrafast laser writing
system. Focal lengths are displayed in millimeters beside each
lens. SLM: Spatial Light Modulator.
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2A schematic for the adaptive optics enabled laser fab-
rication system is displayed in Figure 1 and described
in detail elsewhere35. In short, a regeneratively ampli-
fied Ti:Sapphire laser (pulse duration 100 fs, pulse rep-
etition rate of 1 kHz and central wavelength of 790 nm)
was expanded and directed onto a reflective liquid-crystal
phase-only Spatial Light Modulator (SLM). The SLM
was imaged onto the pupil plane of a high numerical aper-
ture (NA) microscope objective (Olympus PlanApo 60×
1.4NA) via a 4f system. The beam was thus focused into
the diamond sample, which was mounted on a three-axis
air bearing translation stage. The sample consisted of a
3 mm×3 mm×0.5 mm CVD single crystal diamond (El-
ement 6) with all facets polished.
The SLM was set to display a phase pattern to com-
pensate the spherical aberration introduced by focus-
ing into the diamond sample. The strong refractive in-
dex mismatch between diamond (n=2.4) and the objec-
tive immersion medium (n=1.52) introduced a depth-
dependent spherical aberration36. Correction of this
aberration enabled focusing at high numerical aperture
and gave highly repeatable structural modifications with
sub-micrometer dimensions31 at a range of depths within
the diamond. This allows accurate control over the posi-
tion and shape of the focus for the manufacture of low-
loss customized waveguides.
The diamond sample was translated through the laser
focus perpendicular to the optic axis at a speed of
0.1 mm/s. Without any aberration correction applied,
the modification threshold pulse energy was 110 nJ at
a depth of 50 µm beneath the diamond surface. The
resulting structures had a cross section which was sig-
nificantly elongated axially (Fig 2(a)) and non-uniform
along the length of the track. Using adaptive optics to
compensate the aberration, the fabrication pulse energy
could be reduced to below 30 nJ, generating highly uni-
form and repeatable graphitic tracks with transverse and
axial dimensions of 1 µm and 2µm respectively, as seen in
Fig. 2(b). Due to the higher uniformity in the fabrication,
waveguiding structures were subsequently generated al-
ways using aberration correction during the processing.
Type II waveguide structures were fabricated by laser
writing pairs of graphitic tracks as shown in Fig. 2(c).
The optimum transverse separation of the two damage
lines was determined to be 17 µm for maximum transmis-
sion. Each vertical graphitic line was fabricated using an
axial multiscan approach, with 6 consecutive scans axi-
ally separated by 3 µm. We note that the axial separation
of each scan is actually greater than the size of an individ-
ual graphitic track. However, this does not cause a dis-
continuous structure because the bottom graphitic layer
is strongly absorbing and acts as a seed, with each sub-
sequent graphitic track fabricated above being extended
axially.
The waveguides were characterized with light of wave-
length 780 nm delivered via polarization maintaining
fiber (PMF) butt coupled to the input facet of the sam-
ple without index matching gel. To observe the near
FIG. 2. Transmission microscope image of a single laser writ-
ten graphitic track (a) without and (b) with aberration correc-
tion, as seen from the sample’s end-facet. (c) End-facet of
the Type II double-line structure and (d) the near-field mode
obtained for vertical (V) polarization.
field mode, the output facet of the sample was imaged
onto a CCD camera by means of a microscope objec-
tive (Olympus ULWD MSPLAN 80×, 0.75 NA). For loss
measurements, the CCD was replaced by a power meter
and an iris used to block unguided light. In contrast to
laser written waveguides in other materials, there was no
need to repolish the facet of the diamond following fab-
rication. Despite the strong aberration induced by the
edge of the sample37, fabrication is possible all the way
up to the edge of the diamond, since the graphitic phase
formed at the laser focus was highly absorbing and acted
as a seed for further transverse fabrication.
The type II waveguides were found to be highly polar-
ization dependent, analogous to studies of type II struc-
tures in other crystals18,38. There was strong guiding for
vertically (V) polarized light (defined as along the z axis
in Fig. 2) while there was negligible transmission for the
horizontal (H) polarization state. Considering just the V
polarization, the overall insertion loss for the device was
4 dB. Taking into account the Fresnel reflection at the air-
diamond interface as contributing a loss of 17% at each
facet, but neglecting any loss due to mode mismatch be-
tween the waveguide and input fiber, the propagation loss
in the sample is estimated as 7.9 dB/cm. The waveguide
exhibits single mode behavior in the horizontal direction
(Fig. 2(d)) but it is possible to excite multiple modes
when scanning the input fiber in the vertical direction.
Using adaptive optics aberration correction, it is pos-
sible to fabricate identical structures at any depth within
the diamond. Thus we were able to fabricate a vertical
Y splitter from the Type II waveguides. The schematic
structure is shown in Figure 3(a). The input facet com-
prises a single Type II waveguide, which splits over a
propagation distance of 1 mm into two identical waveg-
uides axially separated by 20 µm at the output facet.
During fabrication, the phase pattern displayed on the
SLM was updated in closed loop using position feedback
from the translation stages to ensure the aberration cor-
rection was always optimum. The coupling ratio between
the two outputs can be varied by translating the input
fiber along the z-axis. Thus it is possible to obtain a
splitting ratio of 50:50 as seen in the near field mode
image of Fig. 3(d). With a 50:50 splitting, the overall
transmission of the structure is -7 dB, corresponding to
3FIG. 3. (a) Schematic structure of the vertical Y-splitter.
Images from a transmission microscope showing the input (b)
and output (c) facet of the splitter. (d) An image of the output
near-field mode with a 50:50 power splitting.
a propagation loss of 18 dB/cm taking Fresnel reflections
into account.
In order to fabricate Type III waveguides, which sup-
port both polarization states, 10 µm radius tubular struc-
tures were generated as shown in Figure 4. 32 laser writ-
ten graphitic tracks arranged in a circular manner were
fabricated with a center-to-center spacing of 2 µm be-
tween each track. The waveguides had insertion loss of
-5.5 dB for the V mode and -11.5 dB for the H mode.
Type III waveguides were multimode for both polariza-
tions, with minimum loss found for light in the fundamen-
tal mode, as seen in Fig. 4 (d). We note that it would not
be possible to fabricate such Type III structures without
the use of adaptive optics during fabrication, as can be
seen from comparison of the single graphitic tracks made
without and with aberration correction in Fig. 2 (a) and
(b).
The design of the type III structure is symmetric so
is expected to be polarization insensitive. The difference
in transmission for H and V polarizations found in ex-
periment is attributed to the fact that the laser focus is
in fact asymmetric, as is each individual graphitic track
(dimensions ∼ 1 × 2 µm). Thus, the sides of the tube
are continuous while top and bottom still have regions of
unmodified diamond separating graphitic tracks, as can
be seen in Figs. 4(a) and (c). The tubular structure is
therefore expected to display an asymmetric stress field
leading to the polarization dependent transmission. In
principle, this can be mitigated by adjusting the relative
positioning of the graphitic tracks that make up the tube,
but in practice this becomes difficult as the accumulated
stress can lead to cracking of the diamond. Indeed to
avoid cracking of the diamond during manufacture of the
Type III waveguides, it was necessary to reduce the fab-
rication pulse energy to 8 nJ. Such low pulse energies are
at the fabrication threshold of the diamond, and as a re-
sult the graphitic tracks at the top and bottom of the
structure are discontinuous, as seen in Fig. 4 (c). The
side walls remain continuous due to the axial overlap of
the tracks which further contributes to the polarization
dependent transmission. The reduced pulse energy ad-
ditionally made it difficult to fabricate these Type III
waveguides right to the edge of the diamond, as seen
by the reflection microscope image of the end facet in
Fig. 4 (b). Therefore a slightly higher coupling loss can
be expected in this case.
FIG. 4. Microscope images of the end-facet of the type III
waveguide taken in (a) transmission focused slightly beneath
the surface and (b) reflection focused on the sample surface.
(c) Top-down transmission microscope image of the graphitic
tracks comprising the waveguide. The edge of the sample is
at the top of the image. Sample images of the near-field mode
for V (d) and H (e) polarizations.
In conclusion, we have demonstrated inscription of 3D
waveguides in the diamond bulk using an ultrafast laser,
with examples of 3D waveguide splitters and Type III
structures capable of guiding both polarization states.
The ability to fabricate in 3D deep within the bulk and
interface with optical fiber represents significant advan-
tages for a range of integrated optics. However, values
for the propagation loss are currently relatively high in
comparison to those that can be achieved for surface
nanobeam waveguiding structures15. The propagation
loss can be attributed to scattering and absorption from
the sp2 bonded carbon within the laser written tracks.
It has been shown that fabrication of diamond using
heavy ion implantation can lead to structural modifica-
tions with a smooth modulation of the real part of the
refractive index17,39. In this study, we were unable to
induce such Type I modifications, but utilizing different
pulse repetition rates of the laser might potentially give
access to different fabrication regimes where this becomes
possible. It is apparent though that the incorporation
of adaptive optics for aberration correction into the laser
fabrication system is crucial for the controlled generation
of subsurface waveguides in diamond.
During preparation of our manuscript, we learned of
a concurrent study on direct laser writing of Type II
waveguides in diamond which includes characterization
of NV centers within the waveguide. It is shown that
the presence of the waveguide does not adversely affect
4the properties of the NV defect making this a promising
platform for quantum technologies40.
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